This work focuses on finding a numerical solution for vehicle acoustic studies and improving the usefulness of the numerical experimental parameters for the development stage of a new automotive project. Specifically, this research addresses the importance of modal cavity damping for vehicle exerts during numerical studies. It then seeks to suggest standardized parameter values of modal cavity damping in vehicular acoustic studies.
Introduction
This study has been motivated by the conflict during the final stages of the development of a vehicle, as well as by the comparison between the results generated by the simulation team with those acquired from the experimental team.
For an appropriate correlation, it is always necessary to acquire modal cavity damping data originated from prototypes and subsequently assign them to the numerical model. In this manner, the phase of refinement of the numerical results requires a prototype, and this slows the progress of work and research.
With respect to simulation methods used today, the finite element method (FEM), as described by Braess, Seiffert (2005) , the situation is quite different as it enables conducting studies with quickness and agility. Ever-increasing demands for greater comfort have elevated the dynamic design criteria as the primary elements of modern body engineering.
Damping and sound-insulation measures are strictly applied to automotive body panels to prevent noise in the vehicle cabin (Lim, 2000 ; Kurosawa, Yamaguchi, 2013). Automotive body panels, which are made of steel sheets press-molded into a required form, are laminated with damping materials to reduce the vibration level. Furthermore, porous media, resin sheets (surface), and carpet are laminated onto the damping materials (Davy et al., 2014; Pockszevnicki et al., 2011; Zhang et al., 2005) .
For this study 2 (two) different categories of vehicles were investigated: a pick-up truck and a popular compact vehicle. Hence, the study is expected to determine a range of values that cover the cavity damping behaviour by analysing these vehicles in the TrimmedBody configuration (Hörnlund, Papazoglu, 2005) .
Acoustic FEM analysis of the system was performed using standard MSC Nastran 2010 software. Following the FEM analysis, a modal analysis of the entire vehicle and cavity was performed; the data were treated as described by Moura et al. (2012) , in CRF VEIPROD 5.0 software for the evaluation of the SPL (Sound Pressure level).
With respect to the experimental data campaign, the bodyshell (TBIW -trimmed body) testing was performed in a laboratory at NVH in a semi-anechoic room, exploiting LMS Test Lab 11B (2013).
Finally, this research work seeks to accomplish the following:
A) Determine the influence of the observed modal cavity damping variation in the physical testing on the simulation models, seeking to better identify the existence of the resonance modes between the cavity and body-shell. B) Propose a medium modal cavity damping (Cavity Damping Design) that can be used even in the early stages of vehicle development and provide results similar to those generated using the actual variable damping. Figure 1 shows a schematic flowchart of the ideas presented previously. The step "correlation study" corresponds to the moment where the experimental data will be compared with those obtained numerically.
Experimental methodology
As part of the validation process of the numerical experiment, the first step adopted in this study was to perform experimental modal analysis of the cavity, in which one expects a correlation regarding the global modes, and to determine how the damping behaviour of these cavities would vary in frequency when comparing various types of vehicles (Cameron et al., 2010; Kumar et al., 2013) .
Consequently, all vehicles (two from different categories) underwent the same instrumentation as shown in Figs. 2 and 3 . The experimental results were obtained by processing the data using LMS Test Lab 11B software. Table 1 shows the list of equipment used for the experimental measurements. The vehicle (TBIW) is placed in an acoustic chamber (isolated) with the glass windows closed; a random noise source is placed inside the front and rear of the vehicle for reciprocal testing, and the vehicle has a cavity internally divided into planes defined by microphone chains. The excitation measured by the microphones (SPL -Sound Pressure Level) defines the modal behaviour of the cavity of the vehicle.
Placement of microphones is presented in Fig. 3 and Fig. 4 .
On the left-hand side of Fig. 4 , the numbers mean the distance in millimeters from the roof to the positioning of the microphones.
Planes P2 and P7 were chosen to represent the performance of the instrumentation process of the vehicle. This example is shown in Fig. 4 . For the initial assessment of the vehicle cavity modal behaviour in the early stages of its development, the frequency response functions, known as "SPL", are analysed at the various points of the microphone positions in the trimmed-body configuration. The FRF "SPL" provides the ratio of (P/F ), where P is the pressure [dB] and F is the force [N] of an excitation point on the structure. The vehicle model is evaluated with the response measured at the points indicated in planes shown in Fig. 3 .
In Fig. 5 , an example of the results of the experimental cavity modal analysis is shown; all vehicles were subjected to the same test. After plane-by-plane measurements were made, the results were compiled and processed by the LMSPolyMax (Modulo spectral Testing) method. Figure 6 shows this processing; the left-hand side is presented in addition to the overall mode of the cavity, the main modal frequencies of the cavity, and its damping. The middle line of this measurement is highlighted at the centre of the figure.
PolyMAX is based on a (weighted) least-squares approach and uses multiple-input-multiple-output frequency response functions as primary data. This socalled "PolyMAX" or polyreference least-squares complex frequency-domain method can be implemented in a very similar way as the industry standard polyreference (time-domain) least-squares complex exponential method: in a first step a stabilization diagram is constructed containing frequency, damping, and participation information. Next, the mode shapes are found in a second least-squares step, based on the user selection of stable poles. One of the specific advantages of the technique lies in the very stable identification of the system poles and participation factors as a function of the specified system order, leading to easy-to-interpret stabilization diagrams (Peeters et al., 2004) . Figure 7 presents the results of cavity modal analysis. When the measurements were complete, it was possible to extract the modal behaviour (Cavity Damping factor) of all vehicles (the two different categories of vehicles) and analyse the results to obtain the value of each modal damping (Hörnlund, Papazoglu, 2005, Rao, Singiresu, 2008) of the cavity along the frequency (actual variable damping). This response is presented in Fig. 7 ; the damping factor was extracted from a frequency (Hz) sweep. The half-power method was used to find the damping value. Half-power bandwidth is defined as the ra-tio of the frequency range between the two half power points to the natural frequency at this mode. Below is the manual equation for the half power calculation.
where ξ is the damping factor and the f 1 and f 2 are the frequencies corresponding to an amplitude of f res / √ 2. Thus, although the analysis presented in Fig. 7 covers the frequency range of 0-500 Hz, the results of the damping factor (%) appear only starting at the 1/3 octave band of 40 Hz where the first natural modes of the cavity begin.
Next, the modal test vehicles were characterised to determine the dynamic "SPL" type. This test is performed with microphones positioned at the height of the right ear of the driver that collected the data as acoustic pressure was generated. Figures 8 and 9 illustrate the excitation points used by the team during the experimental tests. The impact generated by the impact hammer occurred directly adjacent to the accelerometer presented in this figure. After defining the excitation points, the measured acoustic point detailed above is presented in Fig. 10 With respect to the experimental data campaign, full vehicle testing was performed in a laboratory at NVH in a semi-anechoic room, using LMS Test Lab 11B software. Table 2 shows the list of equipment used for the experimental measurements. The following results allow a comparison with numerical results; therefore, the frequency range used in this study is 0-500 Hz. The new frequency range was selected to concentrate on the influence of damping and avoid any influences caused by numerical errors in high frequency (Ferreira et al., 2013) .
The results of the "SPL" of the settings shown previously are displayed in Figs. 11 (Pickup) and 12 (popular compact vehicle). All of the results bellow were collected at the point illustrated in Fig. 9 and are on a logarithmic scale. 
Numerical formulation
This section describes the details of the FEM models of each vehicle. In addition to the modal behaviour of the structure, it is also important to consider the residual vectors to compensate for the higher-order frequencies that are not directly extracted. The mesh size was tuned in 8 elements for each wavelength at 500 Hz and so with an average size of 5 mm. Table 3 describes the characteristics that make up each virtual model (Komzsik, 2001) .
The numerical models were implemented with damping data according to the experimental results to determine how the damping behaviour of these structures would be effected by the frequency response of the various types of vehicles. Additionally, for this numerical study, we used the same categories of vehicles: a pick-up truck and a compact vehicle. For this research, all vehicles were subjected to the same procedure in which HyperMesh 11.0 was used for all computational pre-processing, and NASTRAN software was used for the processing. Figure 13 illustrates the numerical models of vehicles in the body-in-white configuration.
Numerical and experimental correlation
The responses of the numerical models were loaded with their respective modal cavity damping (actual variable damping, experimentally extracted from their respective prototype) presented in Fig. 7 and then generated using the SPL acoustic curves. These curves, quantitative comparison of the sound pressure levels (SPL) -Experimental (continuous line), x -Numerical (dashed line), were extracted and compared and are shown in Figs. 14 and 15. All results are on a logarithmic scale.
Data analysis
Based on the previous results, it is noticeable how the numerical results compare to the experimental results. Next, the challenge that faces NVH engineering simulation is to obtain a standard value of modal cavity damping for the TBIW vehicle model to present the same level of correlation when used with the actual experimentally measured cavity damping values.
Thus, based on the values in Fig. 7 , a study was conducted to understand the variation of the average damping of these vehicles and the individual difference among them. This result is shown in Fig. 16 . Observing the behaviour of the average variation of the cavity damping along the frequency, this graph can be separated into two regions: one -up to 100 Hz and the other -up to 600 Hz. For this reason, this study was remodelled by remaking an overall average up to 100 Hz and an average up to 600 Hz. With this methodology, we reached a modal damping that varies in its mean obeying a decreasing damping function.
In this first stage, we have a 6.15% modal cavity damping (100 Hz < x), and in the second step, we have a variable function: ξ(x) = −0.0126(x − 100) + 6.15 (to 100 Hz < x < 600 Hz). were generated. Figures 18 and 19 compare the numerical results, one with damping measured experimentally and the other generated by this study (damping design). The curves, experimental (continuous black line), numerical results with damping experimental values (dashed blue line), and numerical results with "damping design" (continuous red line with triangle marks) from the average presented above, were extracted and compared and are shown in these figures. All results are shown on a logarithmic scale.
Analysing the results illustrated in Figs. 18 and 19, the numerical response loaded with their respective modal cavity damping (actual variable damping, experimentally extracted from their respective prototype) and the numerical response using the average of damping (Damping Design) developed in this paper show that the response sound pressure level (SPL) was very close to experimental response (black continuous curve). In this case it is considered "close" when analysing the average of variations of the numerical results and found to be less than 3%. The average of variations is calculated and compared between the experimental and numerical results using 80 percentile level of the curve. This is the value that includes 80% of samples, with exception of very high values. There are several formulations for calculating this "average". For this research the Nearest Rank Method (Johnson, Kuby, 2007) was used.
Using this methodology, the objective is "synthesise a curve in a single value". For calculation on a frequency range (1/3Oct) the following algorithm was used:
The list of N values (between f min and f max ) is sorted (ascendant for dynamic stiffness, descendent for SPL). The ordinal rank is calculated according to: the greatest integer that is less than or equal to P/100· N , where P is the complementary to decided percentile (P = 100 − 80 = 20) and N is the number of values (f max − f min + 1). Position 24 of the sorted list of 121 values is the NVH synthesis. The methodology described above, Nearest Rank Method, was used to compare the numerical and experimental results that indicated a smaller difference than 3% in the directions X, Y , and Z. This is observed in both vehicles used in this research and at the three points of the engine mount. The points with their respective directions of excitation that do not show good correlation responded best when the damping function was used. An example of this is point 3 in the X direction for the pick-up and point 1 for the X direction. It is also possible to see from the analysis of the results shown in Fig. 18 and 19 that the use of the function ξ(x) = −0.0126(x − 100) + 6.15 (to 100 Hz < x < 600 Hz) and 6.15% (to 30 Hz < x < 100 Hz) to represent the modal damping of the cavity of the vehicles used maintained a good numerical-experimental correlation of sound pressure results.
Conclusions
Based on the results, there was a good numericalexperimental correlation when using a modal cavity damping function extracted experimentally and including it in the numerical models. Thus, this research sought to ensure the same performance using a standard damping (damping-design) as input as could be used to identify the acoustic behavior of vehicles in the general TBIW configuration.
This study used two types of vehicles as a sample to ensure reliable coverage of the results.
It was observed that the results used for modal damping vary in their mean, obeying a decreasing function such as ξ(x) = −0.0126(x − 100) + 6.15 up to 100 Hz and 6.15%. Up to this and when applied to the numerical model, it was observed that the performance in which the variation of the initial result (with damping retrieved from experimental measurements) is very small, in average is less than 0.5 dB. This small variation (0.5 dB) can be found making a difference between the average of the values found in the Figs. 18 and 19 (all points and all directions).
This research that seeks to define a damping function that can be standardised for numerical acoustics problem solving on compact vehicles, presents a first step towards this definition because these values make an appropriate option for the standardisation of values of modal cavity damping on the two categories of vehicles studied, for acoustic analysis, in the early stages of a new automotive project.
